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1. Background 
 
First conceived in the 1940s, nuclear thermal propulsion (NTP) is a viable and advantageous method of in-
space propulsion for crewed missions beyond low earth orbit (LEO). In NTP systems, the heat from fission 
is transferred to a working fluid (propellant) to provide thrust to a rocket via expansion of the propellant 
through a nozzle (figure 1). Due to the high power density provided by nuclear fuel elements, nuclear 
systems are unique as they can provide power for long periods of time compared to alternative energy 
sources in space (figure 1). Although no power generation takes place in a nuclear thermal rocket (NTR), 
high fuel operating temperature allows for NTRs to operate at a rocket efficiency (specific impulse) of at 
least twice that of the best chemical engines, while still providing high (10 – 250 klbf) thrust. Because of 
inherently high thrust levels and commensurate higher vehicle speeds, NTP is considered by many as the 
preferred form of propulsion for future crewed flights to Mars. 
 
(a)  (b)  
Figure 1. (a) Standard NTP engine configuration [1] and (b) comparison of achievable power densities for 
nuclear space systems compared to alternative energy sources in space [2]. 
 
 Rocket Performance 
When considering in-space propulsion methods for manned interplanetary missions, the most effective 
propulsion methods reduce transit times, increase available cargo mass, and are cost effective (high 
achieved development status). Shorter trip times reduce the cosmic radiation doses, psychological effects 
of confinement, and physical effects of microgravity to the crew in space. Additionally, reduced trip times 
also enable more trajectory paths to be considered during mission planning, which may allow for longer 
surface stays and more flexible launch windows for the same overall mission duration. Current methods of 
chemical propulsion require trip times of over six months to reach mars and require surface stays of either 
only 30 days or more than 500 days based on identified trajectories [2]. To reduce trip time and increase 
available cargo mass, alternative in-space propulsion methods must demonstrate increased efficiency 
(specific impulse) and the capability to enable quick accelerations to meet the velocity requirements to 
satisfy available trajectories (thrust). 
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Specific impulse (Isp) is a way to measure and compare the efficiency of different propulsion methods and 
is determined by the ratio of thrust to the propellant mass flow rate through the engine (Equation 1): 
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𝐹𝑡ℎ𝑟𝑢𝑠𝑡 – thrust (force)                ?̇? – mass flow rate  𝑔0 – gravitational constant 
𝛾 – constant volume specific heat 𝑅 – ideal gas constant  𝑀 – molecular mass  
T – propellant exit temperature  𝑝𝑒 – propellant exit pressure       𝑝𝑐 – chamber pressure 
 
Specific impulse allows a comparison of how much propellant is necessary to provide a desired thrust for 
different engine systems. Thrust is the forward force that accelerates a rocket in space.  Engines with higher 
specific impulse values require less propellant mass to reach a destination. This reduces the overall mass of 
the mission architecture and allows for more acceleration of these engine designs for the same thrust level 
and faster trip times. As derived from equation 1, specific impulse is directly proportional to the chamber 
temperature of the rocket and inversely proportional to the molecular mass of the propellant (figure 2). The 
best chemical engines are capable of ~450 s of specific impulse with the use of liquid hydrogen and liquid 
oxygen fuel (H2O propellant after reaction), while NTP systems are capable of between 900 – 1100 s 
specific impulse because of their ability to use hydrogen (H2) propellant and achieve operating temperatures 
in excess of 2500 K (table 1).  
 
 
Figure 2. Calculated specific impulse of nuclear thermal propulsion systems. Specific impulse is inversely 
proportional to the square root propellant mass and directly proportional to reactor outlet (propellant exit) 
temperature. With a hydrogen propellant, at least twice the specific impulse of chemical engines can be 
achieved [3]. 
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Another desirable aspect of nuclear thermal propulsion for manned interplanetary missions is due to the 
engine’s inherent ability to provide high thrust levels (10 – 250 klbf). Thrust is the forward force available 
to accelerate the in-space propulsion vehicle (Equation 2): 
 
Fthrust  = v
dm
dt
≈ veṁ (2) 
 
𝐹𝑡ℎ𝑟𝑢𝑠𝑡 – thrust (force)  𝑣𝑒 – propellant exit velocity   ṁ – propellant mass flow rate 
   
Nuclear thermal rockets allow for high thrust since a due to the relatively large geometry needed for 
criticality at high temperatures as well as the high mass flow rates of hydrogen necessary for in-core cooling 
and reactor operation. All in all, high thrust and specific impulse enable shorter trip times by reducing the 
mass of the propellant and increasing the possible acceleration of the rocket. Reducing the necessary 
propellant for a system is the most efficient way to cut down on the entire mass of the mission architecture. 
Typical rocket designs designate 85% of the total system mass to propellant, only 15% is designated for 
structure and payload [4]. Therefore, for the same operating thrust level, doubling the specific impulse of a 
rocket decreases the entire mass of the system by nearly half. Since nuclear thermal rockets enable thrust 
levels comparable to chemical engines with complementary high specific impulse, trip times to Mars are 
expected to be up to half of that of the best current in-space propulsion methods. 
 
Other variants of nuclear fission power in space include nuclear electric propulsion. In electric propulsion 
systems, a power conversion unit can be integrated with a heat source, such as a nuclear reactor, to provide 
electric power to a system. In order to generate thrust, the electricity can power ion, magnetohydrodynamic 
(MHD), or variable specific impulse thrusters for propulsion. Electric propulsion boasts very high specific 
impulse values but generally at much lower thrust levels (Table 1). Lower thrust levels are not desired for 
manned missions because they do not enable faster acceleration of the rocket, which may cause some 
desirable trajectories for fast travel to be out of reach.  
 
Table 1. Comparison of specific impulses and thrust levels corresponding to nuclear and chemical 
propulsion methods [5-7].  
Type of 
Propulsion 
Specific 
Impulse (s) 
Thrust 
(klbf) 
Propellant Time of Single 
Burn (s) 
Chemical 
(SSME) 
452 471 LH2 + LO2 103 
NTP 
 
800 - 900 25 - 250 LH2 103 
Ion NEP 
 
6,000 – 
8,000 
0.001 - 
0.1 
Xe 107 
 
It should be noted, material property considerations are different in NEP reactor systems due to the 
difference in propulsion generation and fuel lifetime (burnup). NEP is not addressed further in this report. 
Nuclear thermal propulsion encompasses solidous, liquidous, and gaseous core configurations, of which 
each are distinguished by the operating state of the fuel. Solid core nuclear thermal rockets do not allow 
any melting of the nuclear fuel during operation and correspond to the largest database of fuel development. 
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Thus, these fuels are thought to offer the best pathway for licensing. The future discussion in this report 
only considers solid core NTP fuels. 
 
 Purpose of this Report 
 
In order to satisfy the requirements of MSE 580, this report aims to summarize the efforts of a literature 
search of materials relevant to solid-core space nuclear thermal propulsion applications and their known 
behavior under expected operating conditions of a nuclear thermal rocket. The range of materials and their 
limiting performance parameters identified through previous research programs are presented. Completed 
testing and knowledge gaps are identified. Section 2 overviews potential materials capable of ultra-high 
temperature operating and the material systems previously investigated for NTP application. Section 3 
presents a discussion of learned fuel behavior of studied systems and overviews the scope of the identified 
testing completed to support NTP fuel development. Section 4 provides an assessment of fuel behavior 
under prototypic engine conditions, status of emerging fuel systems, and assessment of future test 
requirements to support development of future NTP fuel developments 
 
2. Applicable Materials for Nuclear Thermal Propulsion 
 
Very few materials can withstand the operating conditions necessary for operation of a nuclear thermal 
rocket. At the minimum, fuels must have high melting temperature and low neutron absorption cross 
sections to minimize fuel mass loss during operation and allow for critical geometries to be attained. 
Material candidates that are incompatible with the hydrogen propellant will require protective coatings to 
protect against chemical attack. Only five elements exist with a melting temperature above 3000 K: Ta 
(3290 K) Os (3310 K), Re (3438 K), W (3695 K), and C (4300 K). These elements are mostly transition 
metals, with the exception of carbon, which as graphite sublimes at 4000 K [8]. Figure 3 demonstrates all 
elements and high temperature compounds with melting temperatures above 2500C, which include 
transition metal and refractory carbides, oxides, borides, silicides, sulfides, phosphides, and intermetallides. 
Silicides, phosphides, and sulfides have too low a melting temperature and are not considered in further 
discussion of this report. Of all compounds listed in figure 3, high temperature carbide and oxide 
compounds have potential for the lowest cross sections with hydrogen compatibility and are the most 
applicable materials for structural matrix or fuel materials in a nuclear rocket core (Table 2).  
 
Table 2. Thermal cross sections relevant to high temperature compounds [9, 10]  
 Microscopic Absorption cross 
section 𝜎𝑎 (b) 
Total  Microscopic cross 
section  𝜎𝑡𝑜𝑡 (b) 
Highest Melting 
Temperature Compound 
Carbon 0.004 4.80 TaC (4150 K) 
Nitrogen 10 11.9 HfN (3580 K) 
Oxygen .0002 4.2 ThO2 (3660 K) 
Boron 755 759 HfB2 (3520 K) 
Rhenium 86 100 Hf5Re24 (< 3400 K) 
 
 
 7 
 
Figure 3. Elements and  Compounds with melting temperatures [8]. 
 
Of these applicable high temperature materials, graphite, transition metals, and transition metal carbide 
based fuel systems have been developed and tested for nuclear space applications. Graphite and tungsten 
based fuel systems are the most developed fuel systems, with reference property data available for the 
selection of fuels to support future nuclear thermal propulsion missions. Graphite-based fuel systems have 
undergone extensive separate effects testing and have been ground tested in fully-configured prototype 
nuclear thermal rocket engines. Tungsten based fuel systems have undergone significant testing, but due to 
change in program objectives, not all of the collected property data is directly applicable for predicting 
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performance in a NTR engine. Ultra-high melting temperature mixed refractory metal-uranium carbide 
fuels are the least developed fuel systems of the united states but have undergone irradiation testing under 
prototypic engine conditions through former soviet union programs. Test data available for use in American 
programs is limited, therefore, the behavior of refractory carbides has been understood through non-nuclear 
hot hydrogen testing.  
 
3. Studied Fuel Systems for Nuclear Thermal Propulsion Application 
 
 Graphite Based Fuel Systems 
 
3.1.1. Overview and Background  
Compared to other materials, graphite offers the ability for exceptionally high operating temperatures, good 
high temperature strength, relative ease in fuel form manufacture, low thermal neutron absorption, and a 
large established irradiation database/operational experience. Graphite based fuels were the first fuels 
developed for nuclear thermal propulsion in the United States through the Nuclear Engine for Rocket 
Vehicle Application (NERVA)/Rover program. The NERVA/Rover program was the only program to test 
fuels in NTP prototype engines. Over 20 test reactors containing graphite based fuels were ground tested 
during the duration of the program (1955 – 1972) [7]. This was the only fuel program that has tested NTP 
fuels in a fully assembled reactor core with the prototype conditions of a nuclear thermal rocket.  
 
The fuels developed used graphite as a structural matrix to house dispersed fuel particles and provide heat 
transfer to the propellant. The low thermal neutron absorption cross section and high scattering cross section 
also allowed graphite to moderate the neutron flux within the core, which is desired to reduce necessary 
core mass and sizing. Due to the dependence of core power and mechanical loading profiles on graphite 
geometry and mass, developed fuel elements needed to ensure low fuel mass loss and retain strength and 
structural stability for the range of operating conditions of the rocket lifetime. Throughout the program, 
fuel forms evolved from dispersed UO2 or UC2 particle impregnated graphite plates to extruded hexagonal 
fuel elements with a dispersed uranium-zirconium carbide fuel web with coolant channels for hydrogen 
flow [11]. Most importantly through this testing, many of the failure mechanisms for nuclear thermal 
propulsion fuels became understood and significant progress was achieved to reduce fuel failure. 
 
Unique to the NERVA/Rover program, most of the completed testing of graphite based fuel systems was 
accomplished through ground testing of fully assembled prototype reactors. With each reactor, newly 
developed fuels could be tested under the complete array of prototypic conditions. Under the 
NERVA/Rover program, separate effects testing facilities were developed to understand the effect of 
processing parameters on fuel response to thermal shock and expected thermal stresses [11]. Unlike other 
programs, this data is not readily available compared to engine test data. The advantage of nuclear engine 
testing was the ability to test fuels under the full array of testing conditions including: thermal shock during 
start up and shut down, high temperature steady state operation, and thermal cycling during any re-start 
testing. These tests were significant in the overall understanding of fuel behavior in the NTR environment, 
however parameters could only be poorly controlled. 
 
3.1.2. Challenges in Graphite Fuel Development 
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Initial reactor tests resulted in extensive cracking of fuel elements and even ejection of fuel elements from 
the reactor core. Therefore, most of the fuel development focused on reducing structural failure of fuel 
elements through engineering design and changes in fuel composition (figure 4). Fuel cracking was 
significantly reduced by engineering design of tie-tube elements and optimization of hydrogen flow to 
reduce flow induced vibrations [7]. The tie-tube design functioned as a support system to hold fuel elements 
in bundles around a central tie-tube element. An axial support block at the hot end (exit) of the fuel elements 
and axial support plate (or cluster plate) at the fuel element inlets placed the bundled fuel elements in an 
initial compressive state. Graphite is stronger in compression than tension, the initial compressive state 
helped to offset the impact of changes in fuel loading due to thermal stresses, creep, or fuel swelling due to 
irradiation and the presence of fission products. The tie-tube design was very robust under reactor operating 
conditions and is still proposed for use in modern engine designs. 
 
Figure 4. Fuel Element Support Structure Schematic [7] 
 
Although engineering design could be used to significantly reduce fuel element failure, the biggest 
limitation of graphite-based fuel systems for nuclear thermal propulsion applications is the chemical 
incompatibility of graphite matrix and the hydrogen propellant. Corrosion of graphite fuel systems for 
nuclear thermal propulsion is well understood, at high temperatures graphite interacts with hydrogen to 
form hydrocarbons [12]. Chemical reaction processes increase exponentially with increased temperature 
and are affected by the local composition and flow parameters of the hydrogen propellant. 
To reduce corrosion, the exposed areas of the matrix were coated. Coatings needed to be capable of the 
high operating temperatures in the engine, compatible with the matrix material and hydrogen propellant, 
and have low neutron cross section due to the high interfacial area of the fuel design to maximize heat 
transfer. Refractory carbides best matched these criteria due to their compatibility with hydrogen and very 
high melting points. However, the implementation of refractory carbide coatings did not yet reach the 
development status to completely eliminate mass loss due to corrosion of the graphite matrix. 
Thermal stresses caused by the mismatch of thermal expansion between the matrix and the thin coatings 
could crack the coatings and expose the graphite matrix. This problem became especially prominent in the 
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“mid-band” region of the fuel elements at about one-third of the fuel element length away from the hot end 
or cold end of the element (figure 5) [12]. In this region, the neutron flux (reactor power density) is the 
highest, which increases the local thermal stress in the fuel matrix. It is thought that cracking was suppressed 
in the upper region near the inlet, where the low temperatures and power density did not cause significant 
thermal stresses. Cracking was also suppressed near the outlet, where the coatings could respond more 
plastically at high temperatures and were less prone to cracking.  
  
Figure 5. Mass loss of nuclear fuel is greatest in the “mid-band” region where thermal cracking of fuel 
element coatings is the greatest [1, 13] 
Table 3. Comparison of Matrix and Coating CTE for NERVA/Rover Fuel Elements [14] 
 NbC ZrC Graphite Composite 
(U,Zr)C-C 
Component Protective 
Coating 
Protective 
Coating 
Fuel Element 
Matrix 
Fuel Element 
Matrix 
CTE (µm/m·K)1 7.0 - 7.2 7.6 - 7.7 3.0 6.0 - 6.7 
1CTE for temperature range 293 – 2300 K 
In order to reduce thermal stresses, a “composite” graphite matrix fuel with a dispersed (U,Zr)C fuel web 
with a higher coefficient of thermal expansion (CTE) was developed to match the CTE of the refractory 
carbide coatings. The fuel web was also compatible with the hydrogen propellant is thought to reduce mass 
loss in the case of coating cracking by reducing the exposed area of the graphite matrix. Composite graphite 
fuels were not engine tested. Instead, they were tested in the nuclear furnace (NF-1) fuel test reactor with 
hydrogen flow loops to simulate prototypic nuclear rocket conditions. The results of the test showed that 
composite fuels did reduce mass loss compared to previously developed graphite based fuels, however 
coating cracking was still prominent. The program was canceled before subsequent testing could be 
completed. However, it was observed that neutron irradiation damage of the graphite fuel is assisted by 
fission product recoils to result in cumulative measured damage (via resistivity changes) of greater than a 
factor of 10 more than predicted for neutron damage alone [15]. 
 
 Transition Metals 
 
3.2.1. Fundamental Considerations of Transition Metals for Nuclear Thermal Propulsion Fuel Systems 
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Five transition metals have been identified and tested as high temperature materials for nuclear space fission 
applications: Nb, Ta, Re, Mo, and W [16-19]. Selection from this group is significantly narrowed when 
considering material thermal stability and chemical compatibility. Transition metals which can withstand 
such high temperature operation are often referred to as refractory metals. The advantages of refractory 
metals are their capability for high temperature operation, high temperature strength, high thermal 
conductivity, and high ductility at the operating temperatures desired for nuclear thermal propulsion. When 
selecting refractory metals for nuclear fuel systems, neutron cross section is an important parameter that 
must also be considered in order to ensure a critical engine geometry may be achieved. Secondary material 
properties that should be considered includes the evaluation of body centered cubic (BCC) alloys ductile to 
brittle transition temperature (DBTT). High DBTT increases difficulty in fuel manufacture and reduces a 
materials ability to resist crack propagation. Irradiation and hydrogen embrittlement is known to increase 
the DBTT and could degrade the mechanical response the fuel during re-start conditions. 
 
Refractory metals Nb and Ta are extremely resistant to heat and wear. The advantage of Nb and Ta 
compared to other refractory metals are their low ductile to brittle transition temperature, below 0C (273 
K) which is desirable to ensure ductile fuel response over the range of operating temperatures along the 
fuel length. These metals can maintain their strength for very high temperature operating conditions and 
have been investigated as structural components for space power systems. However, these metals are not 
good candidates for nuclear thermal propulsion due to their chemical incompatibility with most 
conventional fissile fuel compounds (UO2, UN, UC) and the hydrogen propellant. Nb and Ta easily uptake 
hydrogen and have high solubility of hydrogen at temperatures below 800C (1073 K) [20]. Fuel operating 
in low temperature regions near the inlet of the fuel (figure 5) may hydride during operation and the total 
length of the fuel is susceptible to hydrogen uptake during core cooldown. Hydrogen ingress is not desired 
within transition metals as it embrittles the metal and affects the neutronic power profile during operation 
or restart. Due to the low density of refractory metal hydrides, hydride formation will induce significant 
stresses in the matrix. Hydrogen solubility in Ta is less than that of Nb. However, in each case, hydrogen 
absorption causes expansion of the metal and the metal has been shown not to recover its original ductility 
and lattice spacing when reheated to temperatures where hydrogen is desorbed [20]. Even if high 
temperature coatings were introduced, at high operating temperatures, Ta and Nb are incompatible with 
UO2 and UC fuel. The refractory metals tend to reduce UC fuel and form refractory metal carbides [19, 21]. 
Ta and Nb will also interact with free oxygen that is a consequence of high temperature UO2 operation [19, 
21]. 
 
Only Mo, W, and Re are thought to be suitable matrix materials for high temperature nuclear space fuel 
systems. Mo and W are BCC type alloys with a high DBTT, making these materials more difficult to 
manufacture compared to refractory metals Nb and Ta. Rhenium has a hexagonal close packed (HCP) 
crystal structure and is typically alloyed with Mo or W to produce a more ductile material response. Mo 
Re, and W based fuel systems have been studied for nuclear thermal propulsion. Mo and W have undergone 
extensive development and separate effects testing [22, 23] (high temperature irradiations, hot hydrogen 
testing, thermal cycling, and thermal shock) while Re based fuels have only been qualified to be compatible 
with UO2 to temperatures of ~2500 K [24]. Re has a high thermal absorption cross section for all stable 
isotopes and is not a good candidate for NTP despite its desirable ductility, additions of Re should be limited 
when used. 
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3.2.2. Background and Overview of Cermet Fuel Development 
Ceramic metallic (cermet) fuels were originally developed as an alternative to the graphite matrix fuel tested 
in the NERVA/Rover program. High melting temperature transition metals offered the potential for 
increased strength and endurance during operation as well as compatibility with the hydrogen propellant.  
Research programs at General Electric (GE), Argonne National Laboratory (ANL), NASA Lewis Research 
Center (NASA LeRC), Los Alamos National Laboratory (LANL), and Pacific Northwest National 
Laboratory (PNNL) have all contributed to the understanding of the processing and operation of cermet 
fuels. A comprehensive review of cermet fuel development has been surveyed succinctly by Haertling et. 
al. [25], since cermet fuels were developed for both NTP and NEP applications, the property-structure 
relations reported must be prioritized to accommodate low burnup, high temperature conditions for NTP. 
The most significant cermet fuel development program for space applications was the GE 710 Gas Reactor 
Program led by General Electric with significant material development contributions from ANL [23]. From 
1962 – 1968, the 710 Gas Reactor program developed and tested molybdenum (Mo) and tungsten (W) 
metal matrix fuels with distributed uranium dioxide (UO2) or uranium nitride (UN) fuel particles. 
Ultimately, it was observed that the vapor pressure of Mo became significant at 2470 K, limiting it’s 
expected performance. Due to the higher melting temperature and better thermal stability of tungsten in the 
hydrogen environment, later fuel development focused on W-based cermet fuels.  
 
Cermet fueled NTRs were never ground tested, but fuels have been investigated via high temperature (1470 
- 2000 K) irradiations to 1.5at% burnups in He and He-5%H2 environments, transient (pulsed) irradiation 
testing, and thermal cycling experiments in a hot hydrogen environment [22]. A lot of the data accrued 
under the different programs is not readily available [25], however good reviews of fuel development, 
completed testing, and lessons learned do exist [22, 25-27]. Due to changing fuel program objectives from 
a nuclear thermal rocket engine to nuclear space power (NEP) reactor design, most of the irradiation data 
base is not directly applicable for NTP and could pose greater development risk. However, non-nuclear hot 
hydrogen thermal cycling tests did allow for recognition of cermet fuel failure mechanisms and subsequent 
optimization of fuel production process parameters. Non-nuclear testing showed W-UO2 fuels to operate at 
3000 K for up to 50 hours without significant mass loss. Transient testing in the TREAT reactor at Idaho 
National Laboratory (INL) demonstrated fuels could operate without noticeable damage under extreme 
thermal transients (16000 K/s) and power densities (30 MW/l) [22]. 
 
3.2.3. Cermet Fuel Development Challenges 
 
In both the NERVA/Rover and GE-710 NTP development programs, fuels were designed to function as 
structural components within the reactor core. Unlike graphite, tungsten has significant strength and 
ductility for the high operating temperatures needed for NTP which has the potential to address failures due 
to fuel cracking observed during NERVA/Rover testing. In the NERVA/Rover fuel program, matrix 
corrosion removed the neutron moderator from the reactor and disturbed the designed power profile of the 
reactor core. Since W and Mo were compatible with the hydrogen propellant, cermet fuels had the potential 
to better maintain the reactor power profile during operation. All in all, cermet fuels addressed the specific 
problems identified in the NERVA/Rover program and demonstrated superior fission product retention, 
however inherent instability of the ceramic fuel particles led to challenges in the development of cermet 
fuels. Development programs were able to address these challenges to produce cermet fuels with an 
expected endurance of 4.5 hours for operating temperatures of 2500 K [28].  
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The primary fuel failure mechanism of tungsten based CERMET fuels is the loss of fissile fuel (UO2 or 
UN) from the matrix during thermal cycling [25, 26]. Loss of fissile fuel changes fuel power profiles and 
may result in loss of criticality. In most cermet fuel designs, 60-vol% of the fuel matrix is composed of 
ceramic UO2 or UN particles, therefore fuel mass loss will also lead to the loss of fuel structural integrity. 
Fuel mass loss was a significant issue in the development of W-UO2 fuel systems. At temperatures greater 
than 1400C (1673 K), UO2 becomes reduces to become oxygen deficient (UO2-x). Free oxygen is able to 
migrate out of the matrix during high temperature operation. Upon cooling, UO2 returns to the 
stoichiometric state and due to loss of the free oxygen that was formed at high temperature, free uranium is 
formed (Figure 6). The free uranium has a lower melting temperature than the fuel matrix (1130C) and 
can easily migrate out of the fuel matrix via grain boundaries upon re-start. Loss of free uranium and oxygen 
can lead to significant mass loss and loss of structural integrity for cermet fuels during thermal cycling. 
Any penetration of hydrogen due to fuel porosity, cracking, or grain boundary diffusion will also act to 
reduce UO2 and can combine with the free uranium to form a brittle hydride. Lower density hydrides 
deteriorate mechanical properties of the matrix and their formation fosters intra-matrix cracking. If 
significant matrix cracking occurs, the damage will result in a direct pathway for UO2 migration to the 
cladding surface. Operation in this regime results in breakaway fuel mass loss and fuel failure. Overall, the 
fissile fuel mass loss process is exacerbated by thermal stresses caused by a difference in thermal expansion 
between UO2 and W which promotes matrix cracking around fuel particles and a direct pathway for fuel 
migration out of the matrix and hydrogen penetration [25].  
 
Effect of Temperature and Loss of Free Oxygen 
UO2  UO2-x + Ox 
2UO2-x (2 – x) UO2 + Ux 
 
Effect of Hydrogen Penetration 
UO2 + H2  UO2-x + xH2O 
2UO2-x (2 – x) UO2 + Ux 
 
Figure 6. Fuel failure observed in cermet fuels is due to vaporization of UO2 fuel from the cermet matrix 
[25] 
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Fuel failure due to fissile fuel mass loss was addressed through multiple techniques. At the end of the 
program, optimization of fuels included stabilizing oxide additives (GdO2 and ThO2) to decrease the total 
rate of UO2 reduction, which prevents formation and loss of free oxygen loss during operation and increases 
the potential of formation of free uranium during thermal cycling. Tungsten alloy claddings were found to 
prevent the migration of oxygen out of the matrix [26]. Additions of Re were utilized to increase fuel 
ductility, which reduced fuel cracking and helped ease fuel form manufacture. However, the use of Re was 
minimized as alloying with Re decreased the melting temperature and reactivity of the fuel. After 
optimizing the metal matrix microstructure, late program developments explored the use of UN fuel to 
increase fuel loading and reduce fissile fuel mass loss. UN has a closer coefficient of thermal expansion to 
W which reduces thermal stresses during operation, reducing the probability of hydrogen penetration. 
Although UN also decomposes at high temperatures, studies suggested UN is stable in W up to 3070 K as 
long as high enough fuel density is achieved in order to form a pressure boundary around the fuel particles 
[26].  
 
 Transition Metal Carbides 
 
3.3.1. Overview and Background  
Transition metal carbides have the highest known melting temperatures for all known compounds and are 
chemically compatible with hydrogen. Because of this, refractory carbides are recognized to have the 
greatest potential for fuel lifetime at extremely high temperatures (3000 – 3400K) [1, 29, 30]. Due to the 
recognized brittle nature of refractory carbides, there has not been a proposed engine design with a structural 
refractory carbide matrix, despite the potential for extremely high temperature operation. Instead, transition 
metal carbide fuel systems are typically proposed to form a solid solution with uranium carbide fuels to 
form extremely high melting temperature fuels that have high stability in the reducing hydrogen atmosphere 
[11, 15, 22, 31]. Most of the NTP fuel development effort of the former soviet union focused on mixed 
urarnium refractory metal carbides. In the united states, transition metal carbide fuel systems are the least 
developed fuel system. However, limited irradiation test data from the NERVA/Rover program’s NF-1 test 
[15] and various hydrogen compatibility studies [32-34] have led to a comprehensive  understanding of fuel 
failure mechanisms [12, 34, 35] and fuel processing needs [36-38]. Recent publications from Lanin have 
also given insight into possible engineering design solutions to assist in the successful operation of mixed 
uranium-refractory carbide fuels based upon the efforts of the former soviet union [31, 39]. 
 
3.3.2. Overview of Mixed Refractory Carbide Fuel Development 
Binary solutions of UC with ZrC, NbC, HfC, or TaC allows for high melting temperatures up to or greater 
than 3500C (3773 K) [40]. This capability for high temperature operation has enables engine designs of 
with specific impulse values between 950 – 1100 s Isp. Uranium carbide has been studied and shown high 
solubility with other transition metal carbides (ZrC, NbC, TaC) allowing for high fuel densities to be 
achieved [41]. However, UC solubility decreases above 1600C (1873 K), requiring a fuel design of less 
than 20% UC loadings. Low UC loadings are also desired to increase fuel melting temperature (figure 7). 
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Figure 7.  Solubility of uranium carbide in several high temperature refractory carbide fuels [41] and 
corresponding melting temperatures for uranium-refractory metal carbide fuels for different uranium 
loadings [40]. 
 
At the end of the NERVA/Rover program, (U,Zr)C ternary (or “bi-carbides”) carbides were pursued as an 
alternative to graphite based fuel systems in order to reduce the development risk associated with corrosion 
of graphite matrix material. Initial scoping experiments under prototypic conditions were conducted in the 
nuclear furnace test, where two out of forty-nine cells were loaded with single channel hexagonal carbide 
fuel elements. Carbide fuel was irradiated with a peak power density of 4.5 MW/L and average temperature 
of ~2350 K for several thermal cycles for a total operation time of 109 minutes [15]. The fuel experienced 
extensive longitudinal and transverse cracking that trended to increase in frequency corresponding to sites 
of increased power density, however comprehensive mass loss data was reported [15]. After examination, 
it was unclear whether cracking was due to thermal shock during two emergency shut downs required 
during operation or due to fuel degradation during operation. However, the program was canceled and no 
further work on carbides as structural matrix components were pursued. 
 
In the former soviet union, all carbide fuels were extensively developed and tested using non-nuclear testing 
and prototypic testing in a fuel test reactor (IVG) which supplied a prototypic nuclear thermal rocket 
environment via use of a high fast flux and hydrogen coolant [39]. Best reported carbide results were for 
“tri-carbide” (U,Zr,Ta)C fuels which survived at 2 hours of non-nuclear testing  at 3300 K and (U,Zr,Nb)C 
fuels which survived 200 hours at 2800 K (figure 8). During irradiation testing, fuels were exposed to 
prototypic irradiation fluxes and hydrogen coolant to produce the expected temperature profile and power 
densities expected in the rocket core. Fuels were observed to fail by two mechanisms: “twisting” and brittle 
failure (figure 9). Refractory carbides behave similar to BCC alloys by exhibiting a ductile to brittle 
transition temperature. In high temperature regions were the fuel behaved plastically, high hot hydrogen 
flow rates could result in the geometric deformation of the thin tested fuels. At low temperatures, fuel was 
very brittle and susceptible to thermal shock and thermal stresses. Similar to the NERVA/Rover program, 
fuel failure was highest in the mid region of testing as it corresponded to the highest fuel power densities 
and largest incurred tensile thermal stresses [39]. 
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It was believed that the brittleness of the fuel and low resistance to thermal stresses could be mitigated by 
implemented a design which reduced the buildup of thermal stresses in the element during high power 
density operation and increased the strength of the raw material. A “twisted ribbon” design was chosen in 
order to reduce thermal stresses and maintain the structural integrity of the fuel during operation. Strength 
was increased via the optimization of the manufacturing process treatment, addition of carbon impurities, 
and pre-irradiation. Throughout the program, an understanding of carbide strength (up to 3000 K), thermal 
creep, and irradiation induced swelling was obtained [39].  
 
Figure 8. Design of russian fuel assembly (a) and 2.2 mm diameter twisted fuel ribbons (b) as manufactured 
prior to irradiation [31]. 
  
Figure 9. Solid solution carbide fuel fails via brittle failure at low temperature operation (a). At high 
temperatures plastic deformation results in significant distortion of fuel elements (b) [39]. 
a b 
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In addition to the impact of temperature on carbide failure modes, more recent hot hydrogen testing of 
mixed carbide fuels has led to an understanding of carbide behavior over the range of operating 
temperatures for nuclear thermal propulsion and the physical mechanisms governing fuel endurance [12, 
34]. It was found that high temperature operation in a reducing hydrogen environment resulted in 
incongruent vaporization of fuel constituents from the surface of the fuel. Due to the wide range of 
stoichiometry of transition metals with carbides, the composition at the surface of the fuel could shift from 
that of which was originally manufactured. After significant operation time, the surface composition would 
eventually reach a congruently vaporizing composition (CVC) at which the ratio of metal to carbon atoms 
would vaporize from the surface at the same rate. In some alloys, this shift could result in local melting at 
the fuel surface (figure 10). Since fuel melting temperature, mechanical and thermal properties of the fuel 
are governed by the metal to carbon ratio, the preferential diffusion of carbon or metal atoms to the fuel 
surface in order to satisfy the CVC could alter reactor performance and safety margins. Both the united 
states and former soviet union have studied the vaporization behavior of refractory carbide fuels under a 
hot hydrogen environment and developed predictive equations for mass loss rates of common refractory 
carbide materials [34, 39]. 
 
 
Figure 10.  The CVC of the carbide may shift the composition of the fuel element such that localized 
melting at the fuel element surface may occur [42] from [43]. TaC exhibits an extreme example of this 
phenomena with surface liquid formation at (T/Tm > 0.75) in hydrogen. 
 
4. Conclusions and Assessment 
 
The highest development status and most comprehensive testing was completed on graphite based fuels. 
Prototypic engine testing and hot hydrogen testing showed that incompatibility of the graphite fuel matrix 
and the hot hydrogen propellant will lead to mass loss if not protected. Mass loss is not desired because it 
alters reactor power profiles, mechanical and thermal loading, and can result in the loss of structural 
integrity of the fuel. Composite graphite fuels containing a (U,Zr)C fuel web were the emerging fuel 
candidates for future NERVA/Rover testing due to their perceived ability to reduce thermal stresses within 
the matrix. Due to high fission rates in the fuel web, the graphite matrix experienced significant irradiation 
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damage from both neutron flux and energetic fission products, resulting in higher mass losses than expected. 
This has been addressed in other fuel development programs by increasing the distance between dispersed 
fuel particles [28], however this comes at the cost of reduced fuel loadings and a more massive core.  
 
Cermet Mo and W fuels were the second most developed NTP fuels in the United States. These fuels have 
undergone significant separate effects testing, which has led to the understanding of their failure modes. 
However, since these fuels were never tested in a NTR engine and most irradiation testing was completed 
at low temperatures (< 2000 K), there is still uncertainty in that their performance and lifetime can be 
properly predicted for mission planning. The current understanding of cermet behavior in a hot hydrogen 
environment is that fuel mass loss and loss of structural stability is a result of high temperature thermal 
decomposition of the fissile ceramic fuel, which is exacerbated during thermal cycling. Emerging fuel 
candidates were W-UN fuel systems because of the perceived ability to provide thermal stability of the UN 
fuel for temperatures up to 3000 K for fuels produced with high density (98% TD). Little quantitative data 
is readily available to assess cermet fuel response to irradiation damage. Most reportings characterize 
cermet fuel irradiation performance by its ability to retain fission products to support the development of a 
NEP reactor. Irradiation testing at intermediate temperatures (~1400 K) suggested fuel swelling could be 
addressed through increased cermet porosity, which contradicts design methods to reduce mass loss of the 
fissile fuel. It is unclear if fuel swelling and other irradiation damage mechanisms will play a significant 
role in the performance of cermet fuels due to very low burnup. 
 
Lastly, refractory carbide fuels were proven to be a viable concept by former soviet union and have 
undergone significant testing there. Carbide fuels had also received US interest at the end of the 
NERVA/Rover program with two (U,Zr)C fuel packets tested in the NF-1 test. Due to the low tolerance for 
thermal shock, inspected fuels were severely cracked, dependent upon irradiation temperature and power 
density. Severe temperature transients were incurred during the NF-1 testing twice do to emergency shut 
downs and the level of carbide cracking was attributed to these transients [15]. No mass loss data was 
reported for carbide fuels from the NF-1 test, however early 1990s experiments characterized non-
stoichiometric (U,Zr)C mass loss rates in a non-nuclear environment [34]. A summary of most relevant 
data obtained during the Russian NTP development program has been reported in open literature in the 
2010s. The majority of reported testing is based upon non-nuclear high temperature testing and thermal 
cycling. Similar to the nuclear furnace test reactor, fuels were tested in the IVG test reactor capable of high 
flux and hydrogen cooling. At least two cores (IVG-1, IVG-2) irradiation tested fuel candidates under 
prototypic conditions [39]. In general, the Russian development program recognized the same failure 
mechanisms of the US: brittle fuel failure under thermal stress and fuel vaporization, which plays a 
significant role in high surface area fuels. The chosen “twisted ribbon” geometry reduced brittle failure due 
to thermal stresses but also resulted in significant plastic deformation due to hydrogen flow at the hot end 
of the reactor. These problems were never able to be fully addressed. Later fuel development focused on 
development of tri-carbide (U,Zr,Nb)C fuels with higher melting temperatures to increase the expected fuel 
endurance and engine performance potential (Isp) 
 
Graphite, molybdenum, tungsten, and refractory carbide fuel systems have been studied for nuclear thermal 
propulsion applications. Table 4 presents the testing completed on the three general material system 
candidates: graphite composites, W or Mo cermets, and mixed uranium-refractory metal carbide fuels. All 
programs have utilized both non-nuclear and irradiation testing to understand the behavior of NTP 
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candidate fuel systems under expected conditions of the NTR engine. However, knowledge gaps exist, 
largely due to the reliance on separate effects testing used for screening of fuel form candidates. The largest 
uncertainty lies in the relative importance of thermal degradation mechanisms versus irradiation damage to 
fuels. In composite fuels it has been demonstrated that irradiation damage may have contributed to greater 
mass loss than originally predicted. In cermet fuels, conflicting methodologies are presented to reduce 
irradiation damage versus reducing the rate of fuel mass loss. Prioritizing the contributions of thermal-
mechanical and irradiation damage allows for lower development risk and proper selection of competing 
processing parameters. It should be noted that underlying degradation mechanisms are all different for each 
fuel system and the prioritization of irradiation versus thermal effects may not be universal. 
 
Table 4. Summary of completed testing to support historic nuclear thermal propulsion fuel development 
programs  
 Non-Nuclear 
Hot 
Hydrogen 
Testing 
Non-Nuclear 
Hot 
Hydrogen 
Thermal 
Cycling 
Thermal 
Shock 
Testing 
High 
Temperature 
Irradiation 
Testing with 
Hydrogen 
Environment 
Prototypic 
Irradiation Testing 
(Temperature, 
Power Density) 
Prototypic 
Engine 
Testing 
Emerging Fuels 
Graphite 
Composite 
    
(non-
nuclear) 
  
(Tmax =2600 K) 
 
 
 (U,Zr)C-C 
Cermet     
(Tmax = 2000 K) 
  W-UN 
Mixed 
Refractory 
Carbide 
   
(non-
nuclear) 
 
(Tmax =2000 K) 
 
 
 (U,Zr)C, 
(U,Zr,Nb)C 
 
The development of cermet fuels has shown that separate effects testing can still contribute significant 
understanding to fuel behavior and provides a much less expensive route to identifying necessary fuel 
processing parameters. Therefore, future programs do not necessarily need to address this knowledge gap 
through the consistent testing of full prototype engines. Instead, use of non-nuclear testing should be 
extended beyond the verification of manufacturing process parameters. Careful coordination in the selection 
of nuclear and non-nuclear testing should allow for a comparison of fuel degradation mechanisms 
corresponding to an operating condition of interest.  In general, it was seen through prototype testing of 
graphite and carbide fuels in the US and Russian programs that materials will be most susceptible to 
irradiation damage in the central core region where power densities are high and temperatures are still 
intermediate. In this region, irradiation damage is expected to be the highest due to high fission rates, fuel 
behavior is less ductile, and high power densities will but significant thermal stress on the fuel. It is 
recommended that this region be given priority if irradiation scoping experiments are limited. 
 
All fuels have exhibited similar degradation behavior under hot hydrogen conditions: loss of structural and 
dimensional stability of the fuel driven by mass loss or brittle fuel failure (due to extreme temperature 
transients and core induced vibrations). Dimensional and structural instability of fuel elements affects the 
mechanical loading, temperature gradient, propellant flow rate, and criticality of the core. Ultimately, fuel 
mass loss/vaporization results in degradation of reactor performance, reduced safety margins during 
operation, and limits proposed fuel lifetime. In order to maintain the design properties of the reactor, fuel 
forms must resist interaction with the hydrogen propellant and maintain thermal, mechanical, dimensional, 
and chemical stability. In all programs, significant strides were made to reduce fuel mass loss and cracking, 
but challenges still remain in order to increase fuel form lifetimes for NASA missions. 
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Pathways to failure and fuel vaporization/mass loss rates have been identified for current NTP fuel forms, 
which provide a basis for understanding expected degradation mechanisms for newly proposed fuels. For 
early development and optimization of NTP fuel manufacture processes, prior to irradiation testing, 
previous programs have demonstrated the ability to use non-nuclear hot hydrogen testing to refine material 
selection and process parameters. Static hot hydrogen testing may be utilized to understand intrinsic 
chemical compatibility, maximum operating temperature, mass loss rates, and expected thermal stresses of 
the material systems of interest. Supporting thermal cycling is also a priority to verify the stability of 
different fuel form constituents during multiple reactor burns. Thermal cycling investigations should focus 
on characterizing the preferential diffusion of atomic species within or out of the matrix, migration of 
impregnated “stabilizers” or fuel particles, and identifying possible compositional segregation. Future NTP 
fuel development must address the issues discovered through previous programs via improvements in the 
manufacture of fuels and proper material selection. The best demonstrated ways to reduce mass loss and 
maintain structural stability is through the use of materials that exhibit chemical compatibility with 
hydrogen and maintain their properties and composition at the high required operating temperatures. Newly 
developed fuels should also aim for high strength, good resistance to thermal stresses, hydrogen 
compatibility, low vaporization, exceptional thermal shock resistance, and incur little irradiation damage 
for the operating conditions of interest. 
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